This report describes the technique used to induce the hairy roots in Physalis minima (Linn.). Different types of explants obtained from in vitro germinated seedlings were aseptically co-cultivated with A. rhizogenes strain LBA9402 in different media. Root growth and production of physalins were investigated in various basal media grown under dark and light conditions, and compared to that of normal root cultures. Transformed hairy root cultures grew rapidly and reach stationary phase after 15 days on a B5 medium. HPLC analysis of extracts of hairy root cultures showed that the maximum content of physalin B and F was 1.82 and 4.15 mg g −1 DW, respectively, when grown under dark conditions. Normal root cultures produced higher physalin B (1.60-1.62 mg g −1 DW) and F (3.30-3.75 mg g −1 DW) under the same culture conditions. Physalin F synthesis in light-grown root cultures was reduced significantly.
Introduction
Physalis minima (Linn.) is a tetraploid species with globular fruits enclosed in an inflated bladderlike calyx and belongs to the Solanaceae family. P. minima contains several physalin (13,14-seco-16, 24-cycloergostane) compounds (Kawai et al., 1992; Sen and Pathak, 1995) , and some of them (especially physalin B and F) were reported to have great potential for tumour treatment (Antoun et al., 1981; Chiang et al., 1992a, b; Sunayama et al., 1993) . Recently, Pietro et al. (2000) reported that plant extracts containing physalins display antimycobacterial activity against Mycobacterium tuberculosis, M. avium, M. kansii, M. malmoense and M. intacellularc. Hence, it was important to study physalin production in tissue culture systems.
Plant cell cultures have a large tendency to be genetically and biochemically unstable and often synthesise very low levels of useful secondary metabolites (Rhodes et al., 1990) . However, induced hairy roots (HRs) using Agrobacterium rhizogenes have been explored and intensively utilised to produce a stable and high production of secondary metabolites (Merkli et al., 1997; Kittipongpatana et al., 1998) . Tamm (1954) (cited in De Cleenee and De Ley, 1981) pioneered work of genetic transformation on Physalis sp. with A. tumefaciens. Genetic transformation of P. minima, P. pubescens, P. alkekengi, P. ixocarpa and P. philadelphica has been reported by Patel et al. (1987) , Assad-Garcia et al. (1992) and Simpson et al. (1995) . Since there are few reports of the establishment of HRs in Physalis sp., a study has been initiated using Agrobacterium rhizogenes-mediated transformation of P. minima for the production of physalin.
Materials and methods

In vitro plant cultures
Mature seeds of P. minima were obtained from the plants growing wild in the vegetable farm at the Universiti Putra Malaysia, Selangor, Malaysia. Seeds were sterilised by soaking in 70% (v/v) ethanol for 5 min, then by dipping in 25% (v/v) of commercial Clorox containing 3 drops of Tween 20 for 30 min, and finally rinsed five times with sterile distilled water. The surface-sterilised seeds were germinated at room temperature in dark conditions on petri dishes lined with sterile wet paper towel. The germinated seedlings were aseptically transferred into flasks containing MS medium (Murashige and Skoog, 1962) supplemented with B5 vitamins (Gamborg et al., 1968) , 3% (w/v) of sucrose, 1% (w/v) casein hydrolysate and solidified with 0.25% (w/v) of Gelrite agar. The cultures were grown at 25 ± 2 • C with a photoperiod of 16 h fluorescent light and subcultured every three weeks on MS (Murashige and Skoog, 1962 ) medium containing 2.2 µM BA. Three week old seedlings were used as the source of explants for genetic transformation.
Agrobacterium rhizogenes
A. rhizogenes strain LBA9402 used was an agropinetype, containing a wild type Ri plasmid and the binary vector pBI121. The binary plasmid carried the selectable marker neomycin-phosphotransferase II (NPTII) coding for kanamycin resistance, and the reporter gene β-glucuronidase (GUS) flanked by the cauliflower mosaic virus (CaMV) 35S promoter and NOS-terminator. Bacteria from glycerol stock cultures (stored at −80 • C) were cultured on a YEB solid medium [peptone (13.2 g l −1 ), yeast extract (1.0 g l −1 ), sucrose (5.0 g l −1 ), MgSO 4 .7H 2 O (0.2 g l −1 ) and bacterial agar (15.0 g l −1 ); pH 7.0] contains 100 mg l −1 (w/v) kanamycin for screening and selecting the desired colony. The bacteria were incubated overnight at room temperature, 27±1 • C. A single colony was then inoculated into 15 ml YEB broth + 50 µg ml −1 (w/v) kanamycin by using a sterile bacterial loop, and incubated at 27±1 • C, on an orbital shaker (110 rpm).
Gene transfer techniques to promote HR formation
There were four types of explants used: (a) leaves; small cuts were made on the young leaf surfaces; (b) stems; 2 cm sections were used; (c) stems with leaflets; stem and leaf were excised together (without shoot tip); and (d) stem and leaflets with shoot tip; the stem containing leaf and shoot tip was excised together from the shoots of the seedlings. • C. After 3 days, the explants were transferred to fresh MS medium containing 1 mg l −1 (w/v) BA, 50 µg ml −1 (w/v) kanamycin and 100 µg ml −1 (w/v) cefotaxime, and subcultured every 7 days until the roots were initiated. The roots were excised and transferred into a liquid B5 medium (Gamborg et al., 1968) containing 50 µg ml −1 (w/v) kanamycin and 100 µg ml −1 (w/v) cefotaxime, and incubated on an orbital shaker (110 rpm) under dim fluorescent light, and subcultured every 10 days.
Decontamination from bacterium
Six antibiotics; ampicillin sodium, carbenicillin disodium, cefotaxime sodium, rifampicin, streptomycin sulphate, and tetracycline HCl were separately added into culture media at concentrations of 0-500 µg ml −1 (w/v) to eliminate or kill the remaining A. rhizogenes in HR cultures. Each antibiotic was dissolved in distilled water and filter sterilised using a 0.2 µm polyethersulfone membrane (Whatman). The toxicity level was determined by measuring the biomass weight of the culture (after 10 days), and the degree of bacteria removed was observed under a stereomicroscope in order to observe the viability of bacteria.
Non-transformed (NT) root culture
Roots from normal intact plants cultured in vitro were excised and cultured in a liquid B5 medium (Gamborg et al., 1968) supplemented with 3% (w/w) sucrose and 1 mg l −1 IAA on an orbital shaker (110 rpm) under dim fluorescent light, and subcultured every 15 days.
Kanamycin resistance test
Transformed and non-transformed (NT) roots were separately cultured on B5 medium containing 0-500 µg ml −1 kanamycin in order to determine the minimum inhibitory effect that will prevent the growth of NT roots. Kanamycin was filter sterilised using 0.2 µm polyethersulfone membrane (Whatman) before adding into the culture medium. The evaluation was made after 10 days of culture.
GUS histochemical assay
The 35S promoter activity was analysed by the β-glucuronidase (GUS) histological assay of Jefferson et al. (1987) .
Isolation of genomic DNA and Southern blotting analysis
Southern blotting was performed according to the protocol of Evans et al. (1994) . Ten-day old HR cultures were used for isolation of genomic DNA using standard CTAB method (Sambrook et al., 1989) . The resulting fragments of EcoRI and Hind III restriction enzymes were separated on 1% (w/v) agarose gel and transferred to a positive charge nylon membrane. The DNA was fixed to the membrane using UV Crosslinker (UV Stratalinker 1800, Stratagene, USA). GUS structural genes probe was then purified on agarose gel using GENECLEAN II R Kit from BIO101 (La Jolla, USA). The probe was labelled using a nonradioactive method with digoxigenin (DIG) as described by Boehringer Mannheim (Germany) and further used for hybridisation. The detection procedure followed as described by Boehringer Mannheim (Germany).
Growth curves, light and basal medium
Growth and physalin production in HR and NT root cultures were monitored every 5 days for 35 days for both cultured under dark and light (grown at 25 ± 2 • C with a photoperiod of 16 h fluorescent light) conditions. Four basal media formulations were tested, MS (Murashige and Skoog, 1962) , WH (White, 1963; cited in Owen and Miller, 1992) , B5 (Gamborg et al., 1968), and SH (Schenk and Hildebrandt, 1972) . Iron was supplied as FeNaEDTA. The best media for growth and physalin production then was tested at different nutrient strengths. The 1/4, 1/2, 1, and 2 times strength represented as quarter, half, full (normal), and double strength of the salts concentration (macronutrients only) from standard formulation of basal medium, respectively.
Extraction procedures
The extraction procedures for physalins were carried out according to Chiang et al. (1992a, b) with some modification. Two-gram samples of dry powdered tissue was extracted continuously with MeOH (250 ml) for 2 weeks at room temperature under dark conditions. The extracted volume was vacuum-reduced to about 50 ml with rota-evaporator and diluted with the same volume of distilled water. Hexane (30 ml) was added twice to the mixtures in order to remove chlorophyll and other pigments, and fatty acids. The methanolic extract was treated twice with chloroform, CHCl 3 (30 ml). The CHCl 3 extracts contained crude physalins and their derivatives. The extracts were evaporated and dissolved in 1.0 ml of 65% (v/v) methanol (spectra grade). The extracts were finally filtered through a Waters Sep-Pak Classic Cartridge (Waters, USA) for HPLC analysis. -water (65:35, v/v) as the eluents at a flow rate of 1.0 ml min −1 . The mixtures of methanol-water consist of methanol aqueous isocratic solvent (Uvasol, spectroscopy grade, Merck, Germany) and double reverse phase distilled water. The sample (20 µl) was injected into the injector using a Hamilton syringe. Chromatograms of individual physalins were commonly referred as the authentic marker of standard compounds.
HPLC analysis
Results and discussion
Agrobacterium-mediated transformation Table 1 shows the transformation efficiency of different types of explants co-cultivated with A. rhizogenes in YEB and MS medium. The HRs commonly emerged from wounded sites (Figure 1a , b) after 1-2 weeks of incubation on solid culture of MS medium containing BA (1 mg l −1 ), kanamycin (50 µg ml −1 ), and cefotaxime (100 µg ml −1 ). The highest transformation rate was observed in the stem with leaflets (with/without shoot tips) explants for both YEB (15.0-17.5%) and MS (40.0-42.5%) medium. Stem explant produced only 2.5% transformation of the 40 explants tested for both in YEB and MS medium, respectively. However, no root formation was observed in leaf explants that were co-cultivated in YEB medium, as compared to 12.5% of transformed roots in the MS medium. There is no significant difference observed in the time of root formation between co-cultivation media, but there was a difference between explants. The faster root formation was observed in the stem with leaflets (with/without shoot tips) explants (8-10 days), followed by leaf (10-12 days) and stem (14-19 days) explants. These results indicate that MS medium was more suitable for co-cultivation strategy compared to YEB medium. Lower percentage of transformation obtained in YEB medium occurred because most of the explants died probably due to high concentrations of bacteria or the high osmotic stress of the media during co-cultivation (Assad-Garcia et al., 1992; Simpson et al., 1995) . In addition, YEB medium is not formulated as a plant medium. The highest transformation rate was obtained in explants composed of stem with leaflets (with or without shoot tip) for both explants co-cultivated in MS and YEB media. The use of the leaflets and stems alone resulted in higher mortality rate after a few days of incubation. Experiments on co-cultivation time from 2 to 48 h in YEB medium shows that the explants died after 24 h of incubation. Co-cultivation for 2 h produced the highest root formation (9%) in YEB medium. Meanwhile, co-cultivation of explants and bacteria in MS medium demonstrated that 24 h of incubation was sufficient for higher transformation rate (yield of 48% explants showing root formation).
Decontamination from bacteria
Transgenic roots that were obtained in the above treatments were excised from intact explants and transferred into a liquid culture of B5 hormone-free medium. Initially, several concentrations of different antibiotics were used to remove Agrobacterium in the root cultures, but bacterial growth continued to be observed whenever they were transferred into antibiotic free medium. Therefore, a study was carried out on several antibiotics to kill or remove bacterial in the cultures. Maximum concentration of antibiotic with the lowest toxicity effect to the root cultures was first investigated in series antibiotic concentration (0-500 µg ml −1 ). Results show that cefotaxime and rifampicin were least toxic, carbenicillin and cefotaxime were slightly toxic, and ampicillin, streptomycin and tetracycline were toxic to the P. minima HRs. This result was in agreement to the previous report by Pollock et al. (1983) . Three root tips were then cultured in concentrations that are less toxic to the root cultures; i.e. carbenicillin, cefotaxime and rifampicin at 200 µg ml −1 ; ampicillin, streptomycin and tetracycline at 100 µg ml −1 , and incubated on a shaker for 5 days in order to determine their ability at removing A. rhizogenes. Root cultures were then transferred into a lower concentration (half from the above treatment concentration) of antibiotic, and incubated for a further 2 days. The process of transferring the root culture from high to lower concentrations of antibiotic was continued several times (2 days intervals) and finally transferred into an antibiotic-free medium. Results from this experiment have shown that only cefotaxime and carbenicillin were able to remove or kill the bacteria, whereas ampicillin, tetracycline, streptomycin and rifampicin eliminate the growth of bacteria.
Analysis of the transgenic nature Kanamycin resistance test
The effect of different kanamycin concentrations (0-500 µg ml −1 ) was then tested to determine the minimum inhibitory concentration that will prevent growth of NT roots. Result shows that 10 µg ml −1 (w/v) of kanamycin is sufficient to inhibit the growth of NT roots during selection after emerging from infected sites of explants. However, transgenic roots (HRs) that contain the NPTII gene would exhibit growth in a medium containing kanamycin up to 200 µg ml −1 (w/v).
GUS histochemical assay
Both HRs and NT (or normal) roots were incubated in X-Gluc solution to detect GUS activity. No activity was detected in the control (NT root) whereas the transgenic roots (HRs) showed intense GUS activity expressing a blue colour at the root surfaces ( Figure  1e ). Meristematic part of the roots (Figure 1d) showed the higher intensities of blue coloration indicating that there was an integration and expression of GUS gene in roots.
Southern blot analysis Figure 1f shows an autoradiogram of a Southern Blot analysis of DNA isolated from HRs and NT roots of P. minima. Lanes 1 and 3 show the positive insertion of GUS gene into transgenic roots genomic DNA, whereas none of the 3.0 kb GUS gene detected in NT (normal) roots (lane 2).
Physalins production in HRs
Growth curves and light Growth of P. minima hairy root (HR) and nontransformed (NT) root cultures were monitored every 5 days for 35 days culture. For each stage, 5 flasks were observed for their biomass DW and physalin production. During the 35 days incubation period in a liquid culture of B5 medium supplemented with 3% (w/v) sucrose, the influence of light (16 h d −1 fluorescence light) was investigated and compared with culture grown in the dark conditions. The dark or light growth of HR and NT root + 1IAA cultures were observed to grow continuously without a lag growth phase, and reached their late stationary phase at day 15 ( Figure 2a ). This result is similar to those previous reported in Datura stramonium HRs, but 5 days faster as compared in Hyoscyamus muticus HR cultures (Oksman-Caldentey et al., 1994) . Maximum biomass DW of HR achieved in both dark and light grown cultures was 0.24 and 0.26 g DW per flask (or 9.6 and 10.4 g l −1 culture), respectively; i.e. an increase of 240 and 260 fold from the initial DW. Growth of NT root plus IAA under dark or light conditions was 0.25 and 0.28 g DW per flask, respectively; i.e. about 4.1 and 7.6% higher than HR. Meanwhile, NT root cultures grew slowly with the lag growth phase of 8 days and reached the stationary growth phase at 30 days for both grown under dark or light conditions. The highest NT root biomass achieved was 0.09 and 0.11 mg g −1 DW tissues; i.e. 2.5 and 2.4 fold, respectively, lower than the biomass obtained in HRs. Furthermore, light influence did not significantly affect the root morphology, but light grown HR cultures were slightly yellowish in colour as compared to white colour in other cultures. In addition, HR cultured in the dark turned brown and died after 29 days; i.e. 3 days faster than under light condition. Generally, HR and NT root (with/without 1IAA) cultures growing under dark conditions accumulate more physalins as compared to that in light grown cultures (Figure 2b, c) . However, only physalin F content was significantly regulated by the presence of light with reductions up to 28.0-58.6%. This result supports the fact that physalins were unstable to light (Masao Kawai, 1996 (personal communication) ). The quality of light and the length of photoperiod have been reported to play an important regulatory role for 3-hydroxy-3-methylgutaryl-CoA (HMG-CoA) reductase and other endogenous degrading enzymes activity (Charlwood et al., 1989) . Argolo et al. (2000) has reported that HR cultures of Solanum aviculare accumulate 4.2 times higher solasodine when grown under dark as compared to light conditions. In contrast, the influence of light significantly promotes higher steroidal saponin (aculeatiside A and B) production in Solanum aculeatissimum HR cultures (Ikenaga et al., 1995) . Higher accumulation level of physalin B and F in HR and NT root plus 1IAA cultures was observed after 5 days of incubation and reached maximum at day 15, with the exception of physalin B content in light grown HR cultures, which peaked at day 10. Meanwhile, an extensive synthesis of physalin B and F in NT root started at day 15 and peaked at day 30 for either light or dark grown cultures. For comparison, diosgenin accumulation in Trigonella foenum-graecum HR cultures reached a maximum level (3.80 mg l −1 culture) at day 45 (Merkli et al., 1997) . Physalin contents in HR grown under dark or light conditions were 1.82 and 1.69 mg g −1 DW physalin B, and 4.15 and 2.82 mg g −1 DW physalin F, respectively. Taking the biomass DW production into account, maximum yields of physalin in HR grown under light and dark condition were 16.80 and 31.02 mg l −1 culture of physalin B, and 18.02 and 40.03 mg l −1 culture of physalin F, respectively; i.e. 4.0-10.5 fold higher than diosgenin production in Trigonella foenum-graecum HR cultures (Merkli et al., 1997) . Meanwhile, physalin production in both light and dark grown cultures of NT (1.60 and 1.43 mg g −1 DW tissues physalin B, and 3.30 and 2.50 mg g −1 DW tissues physalin F) and NT root plus 1IAA (1.62 and 1.45 mg g −1 DW tissues physalin B, and 3.75 and 2.50 mg g −1 DW tissues physalin F) did not differ much to their content in HR. In addition, this result has proven the ability of HR cultures of P. minima to synthesise physalins. Other steroidal compounds such as solasodine, diosgenin, tomatidine, botogenin, tigogenin, and withanolide have also reported as being synthesised in HR cultures of several plant species (Al-Varez et al., 1994; Drewes et al., 1995; Vitali et al., 1996; Kittipongpatana et al., 1998) .
Basal medium P. minima HRs were cultured in different growth media supplemented with 3% (w/v) sucrose for 15 days under dark conditions. The media tested were MS, B5, SH and WH medium. Figure 3 shows that root growth were strongly affected by medium formulation. HRs growth in B5 medium (0.24 g DW per flask) was 9% higher than biomass in MS medium, whereas lower biomass DW obtained in SH and WH medium (around 0.18 g DW per flask, respectively). HRs in B5 medium were much thicker compared to smooth hairy in MS, SH and WH medium. The result is in line with growth of S. aculeatissimum (Solanaceae) HR cultures (Ikenaga et al., 1995) . Different basal medium formulations also had a significant impact on the physalins content. In all media tests, Physalin F was still the most abundant compound throughout as compared to physalin B. The highest physalin B and F contents were obtained in B5 medium (1.81 and 4.10 mg g −1 DW tissues, respectively), but not significantly different to MS medium. Taking the biomass DW production into account, physalin B and F yields in this medium were 17.29 and 39.42 mg l −1 culture, respectively. However, lower physalins content was observed in both SH and WH medium. In comparison to other steroidal compounds, the best media for higher diosgenin and solasodine production was WP (Lloyd and McCown, 1980) and MS medium (Drewes et al., 1995) , respectively.
Growth and physalins production in B5 medium were then further monitored with different nutrient strengths. However, there is no beneficial effects on growth or physalins production was observed even when the roots were grown in 1/4B5, 1/2B5 or 2B5 nutrients strength (Figure 4 ). This result was identical to solasodine production in HR cultures of Solanum mauritianum (Drewes et al., 1995) .
